The search for new inorganic electrides has attracted significant attention due to their potential applications in transparent conductors, battery electrodes, electron emitters, as well as catalysts for chemical synthesis. However, only a few inorganic electrides have been successfully synthesized thus far, limiting the variety of electride examples. Here, we show the stabilization of inorganic electrides in the Ti-rich Ti-O system through first-principles calculations in conjunction with swarm-intelligence-based CALYPSO method for structure prediction. Besides the known Ti-rich stoichiometries of Ti 2 O, Ti 3 O, and Ti 6 O, two hitherto unknown Ti 4 O and Ti 5 O stoichiometries are predicted to be thermodynamically stable at certain pressure conditions. We found that these Tirich Ti-O compounds are primarily zero-dimensional electrides with excess electrons confined in the atom-sized lattice voids or between the cationic layers playing the role as anions. The underlying mechanism behind the stabilization of electrides has been rationalized in terms of the excess electrons provided by Ti atoms and their accommodation of excess electrons by multiple cavities and layered atomic packings. The present results provide a viable direction for searching for practical electrides in the technically important Ti-O system. 
INTRODUCTION

Electrides
1-3 are kind of peculiar ionic compounds, where the intrinsic excess electrons are loosely localized in the cavities or channels of the structure, behaving as anions in the cationic framework. The anionic electrons in the electrides are markedly different from the delocalized electrons in metals or entirely localized electrons in the covalent compounds, since they do not bond to any atoms and behave like "quasi" atoms in the lattice. 4 The electronic structure reveals that these electrons occupied the interstitial electron bands near the Fermi level, making electrides as promising candidates to prepare conductive materials with unusual optical or magnetic properties, such as efficient thermionic emitters, 5 low injection-barrier cathodes, 6 and highperformance catalysts, [7] [8] [9] [10] etc. Organic electrides are thermally and chemically unstable at room temperature and in air, limiting their practical application. 2, 3, 11, 12 Instead, inorganic electrides appear as the irreplaceable alternatives due to their improved thermal and chemical stability that is much more suitable for practical application. Till now, only a few inorganic electrides have been successfully synthesized thus far. The as-synthesized C 12 6 is a typical zero-dimensional (0D) electride with anionic electrons trapped in the center of one cage with 12 neighboring cages around it. The high-density, loosely bounded electrons with a small work function make it a promise for applications that require an efficient cold electron field-emitter competing with carbon nanotubes and diamond. The newly synthesized Sr 5 P 3 , 13 as a semiconductor with a distinct band gap, is an ideal onedimensional (1D) electride. Recently, Ca 2 N and Y 2 C are representative examples of two-dimensional (2D) electrides where anionic electrons are confined in the 2D interlayer space.
14,15 Upon compression, Ca 2 N experiences a phase transition from a 2D electride to a semiconducting 0D electride with the formation of anionic electrons localized in atom-sized cavities, 16 which was later on confirmed by a subsequent experiment. 17 For decades, TiO 2 has been considered as a technically important material that is known to be an efficient photocatalyst for a wide range of applications (e.g., air and water purification, hydrogen evolution, and photoelectrochemical conversion, etc.). Other stoichiometries in Ti-O materials, especially for O-rich Ti-O materials (e.g., TiO, Ti 2 O 3 , and TiO 2 ) in different forms and types, also show the great potential as photocatalysts, together with other applications as ultrahard 18 and ultrastiff 19 materials. We note that Ti-rich Ti-O materials are naturally electron-rich systems and thus they might have the potential to be the good candidate of electrides. This assumption seems to be in contradiction with a recent theoretical proposal that the formation probability of electride in the Ti-N system is rather low (about 3-4%) 20 since Ti has a high electronegativity making it unfavorable for the electron donation to the lattice. For a deeper understanding of the nature of Ti element for the formation of electrides, we here have systematically explored the potential electrides in Ti-rich Ti-O materials via first-principles calculations on electronic structures in conjunction with swarm structure searches. In this work, we predicted two new stoichiometries of Ti 4 O and Ti 5 O as good electrides that are likely to be synthesizable at 19 GPa and ambient pressure. Our calculations reveal that the multiple cavities and layered atomic packings in the structure caused by "Ti 6 O" or "Ti 7 O" polyhedral units, making the excess electrons have an ideal habitat to stay in.
RESULTS
Applying the standard formal charges of 4+ and 2− to the Ti and O atoms, respectively, the compounds Ti x O (x = 2-6) would have at least 6 excess electrons per formula, indicating the intrinsic electron-rich feature. Our structure prediction begins on the three known phases of Ti 2 O, Ti 3 O, and Ti 6 O materials at ambient pressure, which are crystalized in P-3m1, P-31c, and P-31c symmetry, respectively (the detailed structure information is shown in Table S1 ). To explore the possibility to form electrides in Ti 2 O, Ti 3 O, and Ti 6 O compounds, we have conducted a series of first-principles calculations on their electronic structures. The electronic band structure and the corresponding projected density of states (PDOS) are plotted in Fig. 1 and Figure S5 , respectively. It is seen that all these three structures exhibit metallic feature. The conducting states mainly derive from Ti-3d states around the Fermi level. The O-2p states make a quite small contribution to the states near the Fermi level, but mainly occupy in the valance band. This result also demonstrates partial charge transfer from Ti-3d to the O-2p orbitals, which is further supported by the result of Bader charge calculation (Table 1) . Obviously, excess electrons provided by Ti atoms are firstly being captured by O atoms with higher electronegativity. There, to reach the stable state of 8-electron closed shell configuration, each O atom can accept up to 2 more electrons. The rest of excess electrons might be trapped in the interstitial spaces, favorable for the formation of electrides. Subsequently, electron localization function (ELF) is carefully examined since ELF has been demonstrated as the efficient method to characterize the localization of excess electrons in the interstitial spaces unshared by any atomic orbitals. We calculated the ELF maps for P-3m1 phase of Ti 2 O, P-31c phase of Ti 3 O, and P-31c phase of Ti 6 O ( Fig. 2 and Figure S6 ) at ambient pressure. Indeed, we found the formation of 0D electrides since atomic-sized localized electrons are seen at the interstitial sites for these three structures with a typical choice of isosurface of 0.75 in ELF calculation, which often gives a common measure on the electron localization. 20 Moreover, we have integrated the charge of the localized region. If the integrated charge is larger than one, this compound is likely to be considered as an electride.
DISCUSSION
In these intrinsic electron-rich systems, we take the P-3m1 phase of Ti 2 O as a typical example. Subsequent calculations have been performed to characterize the electronic properties and will be discussed below. According to the calculated partial charge densities around the Fermi level ( Fig. 2c) , the bands crossing the Fermi level in left panel of Fig. 1 correspond to electrons confined within the interstitial sites. There is a strong ionic interaction between the cationic Ti atom and anionic localized electrons, making the interstitial bands quite dispersive. This situation is similar to those in previously reported electrides, such as CaN 2 , 15,16 Y 2 C, 14 etc. 13, 43 In order to identify the contributions from the interstitial electrons and avoid it being projected onto the 3d orbitals of the neighboring Ti atoms, we placed a Wigner-Seitz radius of 1.42 Å in the lattice of the P-3m1 phase For a better understanding of the electronic band structures, it is necessary to trace these interstitial electrons. In Fig. 2a , we plotted out the ELF map, which clearly shows the formation of anionic localized electrons in the interstitial cavities of the lattice, representing the formation of a 0D electride. The charge density difference on the (110) R plane also clearly indicate adequate electrons transfer from Ti atoms to the interstitial areas, see Fig.  2b . Furthermore, the existence of these interstitial states is further confirmed by the partial charge densities as seen in Fig. 2c . We have integrated the electrons of interstitial regions in PDOS (Fig. 2) and found that it is~3e − per cavity. In addition to the known ambient pressure structures of Ti 2 O, Ti 3 O, and Ti 6 O discussed above, we below explore the so far undiscovered stoichiometric compounds and new phases which also have the possibility of being potential electrides. The structure prediction calculations on the Ti-rich stoichiometries of Ti x O (x = 1-6) with the cell sizes of 1-6 formula units (f.u.) are performed by using the CALYPSO method. We systematically evaluated the predicted structures via their formation enthalpies relative to the products of dissociation into constituent elements (i.e., solidified phases of Ti and O 2 ) up to 100 GPa at 0 K.
where ΔH and h values represent formation enthalpies and enthalpies, respectively. We then construct the convex hull at each pressure, as depicted in Fig. 3a . All the structures whose formation enthalpies lie on the convex hull (solid lines) are deemed to be thermodynamically stable with respect to decomposition into elements or other binary compounds, and thus, are experimentally synthesizable in principle. At ambient pressure, our structure searching calculations successfully reproduced the experimentally synthesized P-3m1 phase of Ti 2 O, P-31c phase of Ti 3 O, and P-31c phase of Ti 6 O. 44 Meanwhile, a new stoichiometry Ti 5 O structure (Fig. 4f ) appears on the convex hull being thermodynamically stable at ambient pressure, to the best of our knowledge, which has not reported in the previous literature. For Ti 3 O, we have discovered an energetically more favorable structure (Cmmm phase, see Fig. 4c ) marked as red solid triangle on the convex hull, with a ΔH value of 0.08 eV/atom lower than P-31c phase (the red circle above the convex hull). The two structures are rather different as it can be seen in the simulated distinct X-ray diffraction patterns ( Figure S3 ). Both the phases are dynamically stable as seen in their phonon spectra ( Figure S4 ). At 50 GPa, it is clearly seen that a new stoichiometry Ti 4 O (Fig. 4e) emerges on the convex hull. The stable pressure ranges of the corresponding structures were calculated and are shown in Fig. 3b .
The predicted stable structures are shown in Fig. 4a -i (see Supplementary Table S1 for detailed structural information). For Ti 2 O, the ambient pressure trigonal P-3m1 phase transforms to the orthorhombic Cmcm structure at 26 GPa. Both the structures clearly show staggered layered packing pattern. The averaged Ti-O bond length of 2.15 Å is reduced to 2.04 Å. As to Ti 3 O, the orthorhombic Cmmm phase transforms to orthorhombic Pmam phase at 10 GPa, where the edge-linked "Ti 6 O" changes into distorted atom-linked octahedron unit, with the Ti-O bond length being reduced from 2.11 to 2.00 Å. The Ti 4 O can be stabilized above~19 GPa, exhibiting an orthorhombic Pmmm structure with isolated Ti atoms at each vertex position. At 0 GPa, the predicted stable phase of Ti 5 O adopts a triclinic P-1 structure. Upon compression to 39 GPa, it transforms to a monoclinic C2/m structure with the formation of "Ti 7 O" decahedron unit of each O atom coordinated by 7 Ti atoms, the highest coordination number of O atom in the Ti-rich Ti-O system. As to the Ti-richest stoichiometry Ti 6 O, the known experimental trigonal P-31c structure transforms to an orthorhombic Cmmm structure, both of which share the "Ti 6 O" octahedron unit with some isolated Ti atoms sitting in the interstitial sites. All the newly predicted structures have the layered or cage-like open structures composed of the "Ti 6 O" or "Ti 7 O" polyhedral units, which can readily accommodate excess electrons in the interstitial regions. Our phonon calculations have verified that the newly predicted structures are dynamically stable by the evidence of the absence of any imaginary frequency in the whole Brillouin zone ( Figure S4 ). In addition, we have also calculated the phonon dispersion of Ti 4 O at 0 GPa [ Figure S4(e) ]. There is also no imaginary frequency in the whole Brillouin zone, indicating Ti 4 O in the Pmmm structure is likely to be recovered as a metastable phase at ambient pressure.
The calculated ELF maps of the newly predicted structures indicate the electrides in nature of these Ti-rich oxides by exhibiting atomic-sized electrons localized in the interstitial areas ( Figure S6 ). The electronic band structures and the PDOS results reveal the metallic feature of these structures ( Figure S5 ). Due to Fig. 3 a Formation enthalpies (ΔH) of various Ti-rich Ti-oxides with respect to decomposition into constituent elemental solids at 0-100 GPa. Data points located on the convex hull (solid lines) represent stable species against any type of decomposition. We also added the experimental P-31c structure into the convex hull (the red circle). b Pressure ranges in which the corresponding structures of different stoichiometries are stabilized. The α-phase (P6 3 /mmc) and ω-phase (P6/mmm) of Ti, and the ζ-phase (C2/m) of O 2 are used for calculating ΔH the fact that spherical charge integration around the ELF basins is confined by the actual area and shape of interstitial electrons, the integration from Bader charge basins may underestimate the total interstitial charge. The electron counts with total and transferred charges are shown for each ion in different stoichiometries (Table  1) .
We found that electron-rich condition for a compound is necessary but not sufficient in forming electride. Structure patterns able to provide open interstitial regions play also an irreplaceable role in the stabilization of electrides. Though most of our newly predicted Ti-rich oxides are good electrides, the ambient pressure α-phase, high pressure NaCl-type, 45, 46 and CsCl-type 34 phases of Ti-rich TiO compound are not candidates of electrides since the structures are rather compact without exhibiting any atom-sized cavity in the lattice. Even for our predicted Ti 5 O compound, once the electride structure at ambient pressure transforms into the high-pressure phase of C2/m structure (Fig. 4g) , electron localization in the lattice is destroyed with the loss of electride in nature.
In summary, we predicted through first-principles calculations on electronic structures of Ti-rich oxides that three known ambient pressure structures of Ti-rich Ti 2 O, Ti 3 O, and Ti 6 O compounds are electrides. Our swarm-intelligence structure searches identified two new stoichiometries of Ti 4 O and Ti 5 O that have not been reported before in the literature, which are considered as electrides and likely to be synthesizable above a pressure of 19 GPa. The formation of electrides in these structures is attributed to the presence of peculiar structure feature of "Ti 6 O" or "Ti 7 O" polyhedral units that give rise to the atom-sized cavities or the interlayer spacial regions in the lattice to accommodate excess electrons for the stabilization of electrides. Our current findings represent a step forward to the comprehensive understanding of electrides in the technically important Ti-O system, particularly for the Ti-rich oxides.
METHODS
For structure relaxations, we choose the Perdew-Burke-Ernzerhof generalized gradient approximation 21 as implemented in the VASP code. 22 After a throughout test, we choose the kinetic cutoff energy of 500 eV and Monkhorst-Pack 23 Brillouin zone sampling grid with a resolution of 2π × 0.03 Å −1 to ensure that enthalpy could converge with several meV per atom. In some cases, the total energy can converge as 1 meV/atom ( Figure  S2 ). The all-electron projector-augmented wave (PAW) 24 and O atoms, respectively. To test the validity of the selected PAW potentials for Ti and O in application to high pressure conditions, we have compared the equation of states (EOS) of the Cmcm structure of Ti 2 O using both PAW method adopted in this work and the full potential method. 21, 25 Identical EOS data by using both methods are obtained (see Figure S1 ) to validate the PAW pseudopotentials adopted up to 100 GPa. To assess the dynamical stability of the various Ti-rich Ti-O compounds, the harmonic approximation was used to calculate their phonon spectra within the supercell method. 26, 27 Our structural prediction approach is based on a global minimization of free energy surfaces of given compounds by combining ab initio totalenergy calculations with the particle swarm optimization (PSO) algorithm. 21 The structure search of each Ti x O (x = 1-6) stoichiometry is performed with simulation cells containing 1-4 formula units. In the first generation, a population of structures belonging to certain space group symmetries are randomly constructed. Local optimizations of candidate structures are done by using the conjugate gradients method through the VASP code, 22 with an economy set of input parameters and an energy convergence threshold of 1 × 10 −5 eV per cell. Starting from the second generation, 60% structures in the previous generation with the lower enthalpies are selected to produce the structures of next generation by the PSO operators. The 40% structures in the new generation are randomly generated. A structure fingerprinting technique of bond characterization matrix is employed to evaluate each newly generated structure, and identical structures are strictly forbidden. These procedures significantly enhance the diversity of sampled structures during the evolution, which is crucial in driving the search into the global minimum. For most of the cases, the structure search for each chemical composition converges (evidenced by no structure with the lower energy emerging) after 1000-1200 structures investigated (i.e., in about 20-30 generations).
The ELF was calculated to determine the bonding nature and the excess electrons trapped in the interstitial sites. Bader charge calculations 28 have been performed to quantitatively analyze the charge transfer situation. To find the "missing" stable Ti x O structures, we performed the structure searching simulations via the cutting-edge CALYPSO method, [29] [30] [31] [32] which enables global minimization of energy surfaces by merging ab initio totalenergy calculations. The effectiveness of this method is benchmarked on various known systems. 14, 18, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] The electronic structures of the most stable structures were calculated using the same settings as the structure re-relaxation step, except denser Monkhorst-Pack grids with a spacing of around 2π × 0.01 Å −1 was used in the density of states (DOS) calculations.
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